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Abstract
High-speed testing procedures for evaluating the lateral stability of multi-trailer
articulated heavy vehicles (MTAHV) include the use of both an open-loop and a
closed-loop maneuvers as specified in ISO-14791. The standard testing procedures
are used to determine the Rearward Amplification (RA), which is a well-accepted
performance measure for the lateral stability of MTAHVs. The open-loop testing
maneuver includes the use of a single cycle sinewave steer input, while the closed-
loop procedure prescribes a single lane-change path, following which a driver drives
a testing vehicle. The closed-loop single lane-change maneuver can be performed
by a human driver for in-vehicle tests. In numerical simulation, a driver model may
be used to drive the virtual vehicle under the closed-loop maneuver for simplicity
and repeatability. Very little attention has been paid to investigating into the in-
teractions of driver-MTAHV. It has been reported that a driver is typically at fault
in many heavy vehicle accidents, and many studies focus on improving the dynamic
performance of the vehicle and ignore the driving skills of the driver. This thesis
attempts to examine the driver-MTAHV interactions and quantify driver skills for
controlling a MTAHV as compared to a single unit vehicle. This thesis proposes
a method for driver skill analysis via comparing virtual drivers in various oper-
ating conditions. The driver skill analysis is conducted by evaluating the lateral
stability and path-following ability of the vehicle under the control of the driver
model. The evaluation is implemented using driver-in-the-loop (DIL) real-time
simulations, where the RA measures derived from a group of human drivers are
compared to those from the virtual driver. The numerical and DIL real-time simu-
lation results demonstrate that the human and the virtual driver achieved similar
a good agreement in terms of the performance measures, indicating the validity of
the driver model, testing procedure and the interactions of driver-MTAHV.
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In Canada, the transportation of goods on roadways accounts for more than the
double gross domestic product (GDP) as compared to air, rail, and water [2].
Canada is a large country with roads connecting most of the cites making roadways
a primary method to move products within the country. Heavy vehicles with
semitrailer units are a very popular method used in Canada and around the world.
The use of multi-trailer articulated heavy vehicles (MTAHV) has been shown to
reduce the fuel consumption and subsequent emissions by one third [3]. A MTAHV
allows a single driver to deliver more goods with a single trip, which benefits both
companies and consumers.
However, MTAHVs exhibit unique unstable motion modes, such as rollover,
trailer sway, and jackknifing. These unique dynamic features have forced additional
regulations and licensing conditions upon those seeking to utilize these vehicles
on Ontario roads. A MTAHV driver must have a traditional tractor/semitrailer
license with 5 years of experience, and complete the Long Combination Vehicle
(LCV) program in Ontario [3]. MTAHVs are limited to specific highways and
cannot enter cites, e.g., Toronto and Ottawa, during rush hours.
These vehicles are used around the world, e.g., Australia, United States of
America, and New Zealand, to transport goods. Each country has different rules
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and regulations, which specify vehicles weights/dimensions/configurations and their
performance requirements. This thesis focuses on the B-train double specified in
the LCV program in Ontario.
1.2 Motivation
The United States National Highway Traffic Safety Administration (NHTSA)
found that vehicle rollover incidents were the most fatal per crash compared to
other accidents [4]. Statistical data by Federal Motor Carrier Safety Administra-
tion from 2014 reported that injuries rates of heavy combination vehicles, such as
tractor/semitrailers or MTAHV, are lower compared to single unit heavy vehicles
[5] . However, combination vehicles reported higher fatality rates with more reg-
istered miles traveled. These vehicles are heavily used and can cause loss of life
during accidents.
Many of the incidents, which cause rollover or loss-of-control, are due to the
driver being unable to properly determine vehicle speed and providing sudden
steering inputs [6]. Heavy vehicle issues, such as cornering and rollovers, have been
identified by studies in New Zealand [7] and the Netherlands [8]. This indicates
that the driver is mostly at fault for these accidents, which necessitates research
into the interactions of driver-MTAHV.
Low vehicle stability can cause loss of control and rollovers at high speeds.
For articulated heavy vehicles, active trailer steering (ATS) is one of the effective
methods that have been shown to improve the lateral stability at high speeds and
to enhance the maneuverability at low speeds [9, 10]. The unstable motions of
these large vehicles can be reduced by adjusting steering angles on the trailers
axles. The state-of-the-art heavy vehicle researches and active safety systems are
reported recently [11].
Testing procedures, such as those specified in ISO 14791 and SAE-J2179, were
introduced to determine unstable characteristics of these vehicle [12, 13]. These
testing methods include the use of a high-speed closed-loop single lane change
2
procedure that can be implemented by a either a human driver for in-vehicle test
or a driver model for numerical simulation. Past studies, however, did not ade-
quately consider the effect of different human drivers on controlling the vehicle.
The uncertainties and the difference of the driving skills of different drivers may
significantly impact the accuracy and reliability of the performance measures de-
rived under the specified maneuver. A driver model may be used in place of a
real human driver, while providing a similar steering input. However, very little
attention has been paid to examining the effect of the uncertainties and difference
driving skills of different drivers on the accuracy and reliability of the performance
measures acquired under the maneuver.
One commonly used driver model was proposed by MacAdam in 1980 [14] and
later validated with human drivers [15, 16]. This driver model uses optimal preview
control with adjustable variables called preview time (PT) and driver transport
time delay (TD). The model is designed for passenger vehicles, but can be used
for heavy vehicles as it is implemented within TruckSim Commercial software
package. A question, which this thesis attempts to address, is whether a driver
model designed for passenger vehicles can provide a similar input as a human
driver to a MTAHV. A MTAHV may display exaggerated lateral motions of the
rearward vehicle unit when executing evasive maneuvers. In some instances, the
rearmost trailer may lift from the road surface and rollover due to higher lateral
acceleration. The various motion cues of trailers are not easily conveyed forward to
the driver preventing them from accurately perceiving unstable motions, such as
lateral acceleration, body roll, or yaw rate. The RA measure is used to quantify the
exaggerated lateral motions of a trailing vehicle unit with respect to the leading
vehicle unit of the MTAHV under the specified testing procedure by the ISO
standard. The RA measure can be acquired under a single lane change maneuver.
Does the driver model produce similar results as a real human driver under the
same maneuver? A chapter in this thesis attempts to address this issue.
It has been reported that it is difficult for human drivers to control heavy
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vehicles and, in particular, MTAHVs. However, few studies tackled the effect
of different driver skills on the performance measure of MTAHVs. This thesis
attempts to test the effect of driver skills on the dynamic performance of MTAHV
by using numerical simulation and driver-in-the-loop real-time simulation.
1.3 Thesis Contributions
The thesis contribution are listed as follows.
• Designing a Linear Quadratic Regulator active trailer steering controller for
tractor/semitrailers for reducing RA, roll angle, and load transfer ratio. The
LQR active trailer steering controller is designed using a 5 degrees of freedom
(DOF) yaw/roll vehicle model.
• Proposing a method for calculating accurate Lateral Position Error based on
the closed-loop single lane change maneuver. This method may be used to
identify the normal distance between the vehicle front axle center to a target
point on the desired path during the maneuver. This metric can be used to
easily find the leading vehicle units peak lateral position error (LPE) with
respect to the path, which is a newly defined metric.
• Proposing a method for quantifying driver skills using a driver model for
controlling heavy vehicles. This includes the path following score and com-
bined stability score for heavy vehicles. The proposed scores can be used
to compare differently configured heavy vehicles, such as tractor only, trac-
tor semitrailer and B-train double. The path following score is based on
the driver ability to control the vehicle and keep it on the desired path. The
combined stability score in based on the lateral acceleration and load transfer
ratio of each available vehicle unit.
• Finally, the thesis compares the RA measures acquired under the closed-
loop single lane change maneuver using the numerical simulation based on
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a virtual driver and the driver-in-the-loop (DIL) real-time simulation based
on human drivers. This study shows some of the unique similarities and
differences of the chosen drivers and their effect on the LPE. The research
result helps validate the use of the chosen driver model for the closed-loop
single lane maneuver with the B-train double. This study also highlights
some findings regarding the PT and TD of the virtual driver on the RA
measure.
1.4 Thesis Organization
The rest of the thesis is organized as follows:
Chapter 2 covers the literature review of the relevant fields and past research per-
taining to the work included in this document. This includes research on MTAHV,
heavy vehicle testing, driver modeling, and human driver testing.
Chapter 3 presents the LQR control method for active trailer steering of heavy
vehicles under a high-speed maneuver. This section includes the vehicle modeling,
validation, LQR calibration, and simulation results.
Chapter 4 proposes the path following score and combined stability score driver
analysis method derived from MTAHV numerical simulation. This section focuses
on developing the novel score method based the built-in driver model of TruckSim
software.
Chapter 5 compares the RA measures from a driver model and human driver in
a high-speed single lane change maneuver.





This chapter reviews the relevant studies on the directional performance of MTAHVs,
driver-in-the-loop real-time simulations, and driver models.
2.2 Heavy Vehicles Configurations
In the province Ontario, the ministry of transportation released the long combi-
nation vehicle program in 2009 [3]. This program contains the specifications of
vehicle configurations, such as dimension and weight. The classification of heavy
vehicle configurations typically follows the work of Francher and Winkler [17].
There are 2 primary vehicle configurations used in Ontario. One is called A-train
double, as shown in Figure 2.1, which consists of a traditional tractor/semitrailer,
a dolly connected to the first semitrailer by a pintle hitch, and a second semitrailer
connected to the dolly with a fifth-wheel. The other is called B-train double, as
seen in Figure 2.2, which consists of a tractor/semitrailer and an additional semi-
trailer. Although there are multiple heavy vehicle configurations used around the
world, this work has been limited to the B-train double.
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Figure 2.1: LCV configurations used in Ontario A-train double
Figure 2.2: LCV configurations used in Ontario B-train double
2.3 Testing Procedures for Determining
Performance Measures of MTAHVs
While MTAHVs being used to transport goods on roadways, it was identified that
the larger vehicles may display unique instabilities, such as rollover, jackknifing
and trailer swing. Research into vehicle testing and regulations began in order
to find effective methods for identifying and quantifying unstable tendencies. In
1986, Ervin and Guy introduced the Rearward Amplification Ratio (RA), which is
a simple numerical rating for evaluating the lateral stability of a MTAHV when ex-
ecuting a lane change maneuver [18]. The RA value is a measure, which compares
the lateral acceleration of the rearmost trailer to the front tractor. In the early
1990s, the Society of Automotive engineers (SAE) and the International Standard-
ization Organization (ISO) were developing procedures for heavy combinations ve-
hicles. During this period, Francher and Winkler further examined the closed-loop
single lane change procedure for determining the RA measure of MTAHVs in 1992
[19]. This research established the basis of the SAE J2179 released in 1993 [13].
In 2000, ISO released standard testing procedures for determining the directional
performance of MTAHVs, ISO-14991. Aurell and Winkler introduced the proce-
dures [20]. It is reported that the steer input with a frequency of 0.4 Hz may
excite the RA dynamics of MTAHVs. This was confirmed by El-Gindy and Wang
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[21, 22, 23, 24]. It is disclosed that the RA measure is strongly dependent on the
frequency of steer input. ISO-14791 standard recommends the use of 3 testing
maneuvers: 1) pseudo random input, 2) closed-loop single lane change (SLC), and
3) open-loop SLC. The closed-loop SLC maneuver requires the use of a human
driver or driver model to drive the testing vehicle following a prescribed path, for










The equation above includes ay which denotes the nominal lateral acceleration
(m/s2), f as the frequency in Hz, x the displacement in longitudinal direction in
meters, y displacement in the lateral direction in meters, and v the longitudinal
velocity in m/s. The parameters for the SLC maneuver expressed in Equation 2.1
are assigned the following values: ay = 0.15 g and 0.30 g, f= 0.4 Hz, and v =
24.4 m/s (88 km/h). This results in a lateral transition of 1.4623 m for 0.15 g and
2.9275 m for 0.30 g shown in Figure 2.3. The path provided in SAE J2179 uses
the defined parameters with a nominal lateral acceleration of 0.15 g.
Figure 2.3: ISO 14791 closed loop single lane change with ay=0.15g and ay=0.30g
The open-loop SLC maneuver specifies a single cycle sinewave steer input,
where the frequency and magnitude of the sinewave can be adjusted. As with the
closed-loop test procedure, a steer input with a frequency of 0.4 Hz is expected to
excite the maximum RA measure of MTAHVs. An example of a sinewave open-
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loop steer input is shown in Figure 2.4, with a frequency of 0.4 Hz and a magnitude
of 2.6 degrees
Figure 2.4: ISO 14791 open loop single lane change with
The closed-loop SLC maneuver prescribes a desired path for the testing vehicle
to follow. Thus, in an in-vehicle test, a human driver should drive the vehicle to
track the prescribed path, while under the simulated maneuver, a driver model
will drive the virtual vehicle following the given path. To successfully pass the
test, it is required that the steering axle center should not deviate from the pre-
scribed path beyond 0.15m. This tolerance is established to prevent each test
from varying the lateral translation and increasing the error of the performance
measure. Preston-Thomas and El-Gindy found that an increased path error re-
sults in the increase in the RA error and standard deviation (STD) [24]. It was
also suggested that the path tolerance be adjusted based on the nominal lateral
acceleration and the frequency of input for the maneuver. The test maneuver is
mainly used to determine the RA. Recently, the testing maneuver is also used to
validate mathematical models and design active control systems [9, 10].
2.4 Driver Modeling
One main purpose of driver modeling is to observe and determine factors which
can influence drivers responses and adversely affect their abilities to accurately
perceive the vehicle states for proper control. This consideration originates in
the field of aircraft and space travel with the concept introduced by McRuer [25,
26]. NASA initiated various studies in the 1950s and 1960s in order to better
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observe environmental, motion, and visual factors which could affect the human
in controlling aircrafts [27].
The concept was later applied to passengers vehicles by Orstein who modeled
the response of a vehicle traveling in a straight line. It was observed that the drivers
focus point is either at the left, center, or right location of the lane way [28]. To the
authors best knowledge there exist no in-depth research on the human driver with
respect to controlling MTAHVs. Studies on driver modeling for passenger vehicles
far exceed the number of papers on tractor/semitrailers and MTAHVs. There are a
number of driver models designed for passenger cars [29, 30, 31, 32, 33, 34]. There
are some more recent entries on the topic with in-depth analysis of the drive model
[35]. There are few driver models for tractor/semitrailers [36, 37, 38, 39]. The
validation of these driver models includes the use of human drivers for comparison
and analysis. In general, the testing and research on the dynamics of heavy vehicles
is far behind with respect to those on passenger vehicles.
The interaction of driver-vehicle is a complex feedback system, where a driver
input results in vehicle motion [40]. Drivers provide inputs to the vehicle system in
terms of steering, braking, and throttle. Numerous factors may affect the drivers
input, e.g., types of vehicles, drivers experience, road conditions, etc. Thus, mod-
eling the interaction of driver-vehicle will enhance our understanding on how to
determine the performance of different drivers. One driver model was developed by
MacAdam, which was implemented using an optimal preview technique for single
unit vehicles (SUVs) [14]. This driver model was validated with road tests and DIL
real-time simulations [15, 16]. CarSim and TruckSim vehicle simulation software
later incorporated this driver model for performing closed loop simulations.
The dynamics of MTAHVs differs significantly from that of SUVs. Due to
MTAHVs multi-unit configurations, large sizes, and high centers of gravity (CGs),
these large vehicles show poor maneuverability and low lateral stability. MTAHVs
may display an exaggerated lateral motions of the rearward units when executing
evasive maneuvers. It was found that the rearmost trailing unit is usually the first
10
Figure 2.5: Schematic representation of human driver and vehicle interaction.
one to rollover and by the time the driver realizes what is occurring, it is too late
for him/her to take correction action. For a MTAHV, the various motion state
variables of the trailing units could affect the driving behavior of the driver.
Figure 2.6: Sample driver model parameter stable/unstable regions identified by
MacAdam [1]
The MacAdam driver model [14] is selected to simulate the steering behavior
of drivers for examining the interaction of driver and MTAHV. PT and TD are the
two most important parameters of the driver model. Adjusting these parameters
may change the steering inputs of the virtual driver with various driving skills.
Using the TD and PT parameters, MacAdam established a stability boundary line
as shown in Figure 2.6, which compares the vehicle responses under the control of
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drivers with various driving skills. Expert drivers drive the vehicle with short TD
and PT, while novice drivers control the vehicle with long TD and PT [1]. The
inclined line is defined as the directional stability boundary. The region above the
boundary is the preferred damping region.
2.5 Driver-in-the-loop Real-Time Simulation
Wang utilized the driving simulator at the university of Ontario institute of tech-
nology (UOIT) for validating the active trailer steering control in combination
with hardware-in-the-loop (HIL) simulations [21]. Cao et al compared a proposed
autonomous driving controller for passenger vehicles to a number of human driver
in a driving simulator [41].
MacAdams validated the proposed driver model by gathering 12 human drivers
to complete various testing maneuvers in order to compare the responses [42]. The
study utilized multiple maneuvers including double lane change, slalom course, and
lane change in a turn. Each driver completed 64 runs with 3 maneuvers, 2 vehicle
payloads, 2 surface conditions, 5 attempts, and 4 additional obstacle avoidance
tests. In each run, testing data were recorded, which include steering wheel angle,






This chapter tackles the design problem using numerical simulations performed in
the TruckSim-Matlab/Simulink environment, in which a realistic tractor-semitrailer
model is developed in TruckSim, a linear quadratic regulator (LQR) controller is
designed in Matlab/Simulink, then, the vehicle model and the controller are inte-
grated by means of an interface between the software packages. In order to design
the LQR controller for active trailer steering (ATS) of the tractor-semitrailer, the
linear yaw/roll model with 5-DOF [43] is generated. The linear yaw/roll model
is then validated with the TruckSim model under a single lane-change maneuver
[10]. The validated linear yaw/roll model is used to design the LQR controller for
the ATS of the tractor/semitrailer for improving the directional performance of
the vehicle.
3.2 Vehicle Model
The nonlinear tractor/semitrailer model is generated in TruckSim software, as
shown in Figure 3.1. The vehicle units include a tractor unit with a single front
steerable axle and 2 solid rear axles, and a semitrailer with 3 axles connected the
tractor through a fifth-wheel. The tractor front axle has 2 tires, while all remaining
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axles on both the tractor and semitrailer have 4 tires per axle. The notation of
parameters and the corresponding nominal values are listed in Table 6.1 of the
Appendix. The remaining parameters of the vehicle model assume the default
values provided by TruckSim software database.
Figure 3.1: The nonlinear tractor/semitrailer model generated in TruckSim soft-
ware.
To correctly model the tractor/semitrailer, each axle on the vehicle units is
simplified as a single tire. The top view of the linear 5-DOF model is illustrated
in Figure 3.2, which includes a tractor and a semitrailer. Typically, the model
allows only the front steer wheel angle to be adjusted, and this model also con-
siders the steer angle for all three semitrailer axles. Note that for traditional
tractor/semitrailers, the axles located on the trailer are not steerable. The semi-
trailer axle wheels are steerable and the steering angles are manipulated by the
LQR controller to be designed. In the linear 5-DOF yaw/roll model, each axle
is represented by a single tire. As shown in Figure 3.2,φi (i=1,2) is roll angle,
βi (i=1,2) is side-slip angle, u is vehicle forward speed, and r is yaw rate. δ1f is
tractor front axle wheel steering angle, δ2r is trailer axle wheel steering angle, bij
is longitudinal distance from center of gravity (CG) to tires, Lij is longitudinal
distance from CG to hitch points. Detailed description of each parameters can be
found in table 6.1 of the appendix.
In addition to the yaw motions considered in a 3-DOF yaw/plane tractor/semitrailer
model as shown in Ref. [10], the linear 5-DOF yaw/roll model considers the roll
motions of the sprung-mass of both the tractor and the semitrailer. The diagram
of the sprung-mass roll motion of the semitrailer is shown Figure 3.3. In the fig-
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Figure 3.2: Top view of the linear 5 DOF Yaw/Roll model.
Figure 3.3: Schematic representation of the roll motion of the semitrailer.
ure, φ2 denotes the roll angle of the trailer sprung-mass about the roll center,
h2s is the height from the ground to the semitrailer sprung mass, and h2r repre-
sents the height from the ground to the semitrailer roll center. The tractor units
sprung-mass roll motion can be presented similarly.
Therefore, the equations of motion can be generated with the assumptions and
simplification made as follows [9]:
• Pitch and bounce motions are neglected
• Cross winds and road camber are neglected
• Tire and suspension roll dynamics is simplified and linearized
• Surface friction coefficient is constant
• Vehicle forward speed is constant
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The equations of motion for force, yaw moment, and roll moment the tractor
are expressed as
m1u1(β̇1 + r1)−m1s(h1s − h1r)φ̈1 = Yβ1β1 + Yr1r1 + Yδ1fδ1f + Fcy (3.1)
− I1xxφ̈1 + I1zz ṙ1 = Nβ1β1 +Nr1r1 +Nδ1fδ1f − FcyLc1 (3.2)
I1xx′φ̈1 − I1xz′ ṙ1 = m1sg(h1s − h1r)φ1 +m1su1(h1s − h1r)(β̇1 + r1)+
(K1f ′ +K1r′)φ1 − (C1f + C1r)φ̇1 +K12(φ2 − φ1)− Fcyh1cr (3.3)
The equations of motion for the semitrailer are described as
m2u2(β̇2 + r2)−m2s(h2s − h2r)φ̈2 = Yβ2β2 + Yr2r2 + Yδ2rδ2r − Fcy (3.4)
− I2xxφ̈2 + I2zz ṙ2 = Nβ2β2 +Nr2r2 +Nδ2rδ2r − FcyLc2 (3.5)
I2xx′φ̈2 − I2xz′ ṙ2 = m2sg(h2s − h2r)φ2 +m2su2(h2s − h2r)(β̇2 + r2)−
K2r′φ2 − C2rφ̇2 −K12(φ2 − φ1) + Fcyh2cr (3.6)
where m1 and m2 are the mass of the tractor and semitrailer respectively, I1zz
and I2zz represent the yaw moment of inertia for the tractor and trailer with respect
to their own CG, and K1f ′ is the combined roll stiffness of both the suspension and
the tire roll stiffness. The calculation is carried out for suspension components in
series as per equation below, where K1f is the suspension roll stiffness and K1ft
is the tire roll stiffness. The combined roll stiffness is calculated for all the axle










Additionally, the equations for the lateral velocity is determined by
y2 = u2β2 + u2ψ2 (3.8)
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The governing equations of motion of the tractor/semitrailer can be cast in
terms of the state-space below where δ1f is the front steering angle and u is
the semitrailer axle wheel steer angles. The state-space equation of the trac-
tor/semitrailer is expressed as
ẋ = Ax+ B0u+ B1δ1f (3.9)
The state variable vector is defined as
x = [φ1 φ̇1 β1 r1 φ2 φ̇2 β2 r2 Y2 ψ2] (3.10)
3.3 Model Validation
The linear 5-DOF model is validated with the equivalent nonlinear TruckSim model
under an open-loop single lane-change maneuver. In order to execute the single
lane-change maneuver, the input for the tractor front axle steering angle is specified
as shown in Figure 3.4, with a magnitude and the frequency of 2.60 and 0.4 Hz
respectively. Under the single lane-change maneuver, the vehicle forward speed is
maintained at a constant 88 km/h. The dynamic responses of the linear 5-DOF
model and the nonlinear TruckSim model achieved under the simulated single lane-
change maneuver are examined and compared. For the linear 5-DOF yaw/roll
model, a linear relationship between the lateral tire force and the tire slip angle is
assumed. In the benchmark, to achieve the respective linear dynamic responses of
the TruckSim model, the slip angle of each tire of the TruckSim model is monitored
during the simulations to ensure the slip angle remains within the linear region.
Thus, this model is only accurate for maneuvers, in which the peak slip angles do
not exceed the linear region.
The 5-DOF model is simulated with a semitrailer payload of 10,000 kg. All
remaining variables, such as sprung mass, un-sprung mass, and moments of inertia,
are gathered from the Trucksim database. In order to increase the accuracy of
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Figure 3.4: Steer input for the open-loop SLC maneuver
the linear 5-DOF yaw/roll model, many of the variables, including the cornering
stiffness coefficients, CG location, and roll stiffness, were adjusted to better match
the nonlinear TruckSim model. The final variables used for the linear model have
been gathered and placed in Table 6.1 of the Appendix. Sufficient adjusting of the
coefficients of the linear model was made by comparing the dynamic responses of
the two tractor/semitrailer models derived under the single lane-change maneuver.
The response of the derived linear yaw/roll model is required to match the TuckSim
models phase and amplitude response for yaw rate, side slip, and roll angle.
The yaw rate responses of the two vehicle models under the simulated single
lane-change maneuver are shown in Figure 3.5. The yaw rate response of the linear
5-DOF model matches well with the TruckSim model in terms of both amplitude
and phase. A small deviation in amplitude exists, which could not be reduced
further without affecting the phase of both the side-slip and yaw rate responses.
The side-slip responses of the two tractor-semitrailer models are shown in Figure
3.6. The phases and magnitudes of the two model achieve good agreement over
the simulated maneuver. Making incremental changes to the CG location on the
tractor is found to significantly affect the tractors first local maximum side-slip
peak around 1.8 seconds. Matching the amplitude of the TruckSim model at this
location required continuous adjustments to both the tractor CG location and the
cornering stiffness of the tractors tires. The roll angle responses of the sprung mass
of the two models are shown in Figure 3.7. Adjusting the suspension damping
and stiffness coefficients leads to the result seen in the figure. The magnitudes
and phases of the roll angle time history curves of the two models are somewhat
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Figure 3.5: Comparison of the yaw rate responses of the linear 5 DOF model and
the TruckSim model.
Figure 3.6: Comparison of the side-slip responses of the linear 5 DOF model to
the TruckSim model.
similar; the discrepancies of the models could be attributed to the linear suspension
dynamics of the 5-DOF model. The phase of the linear model is slightly faster
compared to that of the Trucksim model. It is difficult to further reduce this phase
deviation of the linear model with respect to the nonlinear model.
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Figure 3.7: Comparison of the roll angle responses of the linear 5 DOF model and
the TruckSim model.
3.4 LQR Controller
The LQR technique is utilized to design the controller for the ATS on the trac-
tor/semitrailer. The method of LQR was presented by Kalman in 1960 [44, 45].
The tractor/semitrailer model used for developing the controller is the linear 5-
DOF yaw/roll model. The discrete state-space equation of the system can be
expressed as
x(k + 1) = Ax(k) + B0u(k) + B1δ1f (k) (3.11)




(xT (k)Q′(k) + uT (k)Ru(k)) (3.12)
where the control variable is defined as u = δ2r, Q denotes the weighting
matrix associated with the C function defined in Equation 3.12, and R represents
the weighting matrix associated with the trailer axle wheel steering angle output.
The matrix C is defined as a 10 x 10 identity matrix. Since the controller has a
single input Q, it becomes an identity matrix with q1 along the diagonal as shown
below.
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Q′ = CT q1C =

q1 . . . 0
... q1
...
0 . . . q1
 (3.13)
The LQR controller design is implemented in Matlab in order to produce the
K control gain matrix. The Matlab lqr function is provided with the A and B0
matrices from the state space vehicle model and the defined Q and R matrices of
the LQR controller. The infinite horizon LQR equation is solved providing the K
gain matrix of the controller. Thus, the closed loop control loop can be expressed
as u(k) = −Kx(k). The KY 2 and Kψ2 gain values are set to zero [9, 43]. This
leads to
K = [Kφ1 Kφ̇1 Kβ1 Kr1 Kφ2 Kφ̇2 Kβ2 Kr2 KY 2 Kψ2] (3.14)
Finally, the resulting LQR controlled discrete state-space equation can ex-
pressed as
x(k + 1) = (A−B0K)x(k) + B1δ1f (k) (3.15)
3.5 Simulation Setup
In order to assess and calibrate the designed LQR controller for the ATS of
the tractor-semitrailer, numerical simulations are performed using a TruckSim
and Matlab/Simulink co-simulation environment. The nonlinear tractor semi-
trailer model is developed in TruckSim, the LQR controller is designed in Mat-
lab/Simulink, then, the vehicle model and the controller are integrated by means
of an interface between the software packages. The co-simulation can be described
in terms of a block-diagram as shown in Figure 3.8.During the simulation, Truck-
sim utilizes its mathematical model to output the state variable x at each time
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step, Matlab/Simulink receives the states and multiplies it by the chosen K gain
matrix. This calculation produces the semitrailer steering axle wheel steer angles
which are exported to Trucksim for the next time step manipulation.
Figure 3.8: Schematic representation of the co-simulation performed in the
TruckSim-Matlab/Simulink environment.
3.6 Vehicle Performance Measures
This section presents the formulas and vehicle performance measures used to cali-
brate the LQR controller based on the q1/R ratio. The first performance measure
is the RA value which is a representation of the dynamic stability of a MTAHV.
The RA measure can be determined by Equation 3.16 where the ay1 is the lateral
acceleration for the tractor unit and ay2 is the lateral acceleration for the semi-
trailer. The RA values is found by determine the peak lateral acceleration the
semitrailer and divided by the peak lateral acceleration of the tractor unit. The
RA value is typically found from a MTAHV completing either a open or closed-loop





The second performance measure is the load transfer ratio (LTR), which is
defined as the sum of the normal forces on right tires subtracted from the sum of
normal forces on the left tires divided by the sum of the normal forces on all the
tires. When the value approaches 1 or -1, one side of the vehicle is beginning to
lift off the road surface. The LTR measure is determined by Equation 3.17 where
FzR is the sum of the normal forces on the tires located on the vehicle units right
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Finally, the third performance measure is the roll angle of both the tractor and
semitrailer. This measure is used to monitor sprung mass roll angles achieved from
the 5-DOF vehicle model.
3.7 Simulation Results
In the LQR controller design, the K gain matrix is determined by tuning the
combinations of the weighting matrices R and q1. The relationship between the
R and q1 matrices affects the output responses of the controller. The R matrix
is the weight placed on the trailer axle wheel steering angle, while Q matrix is
the weight of the states. Increasing the q1/R ratio will decrease the influence
of the controller output on the vehicle states according to the observation of the
numerical simulations. This results in an increase in steering amplitude. Various
q1/R ratios are tested varying from zero (no control) to 5 × 10−3 to observe the
corresponding variation of the performance measures. The performance of the
controller is measured in terms of the RA, peak roll, and load transfer ratio (LTR)
during the numerical simulation. The effect of q1/R on the RA ratio is shown
in Figure 3.9. Increasing q1/R results in an immediate decrease in the RA ratio
and continues to fall until a local minimum value of 2 × 10−3. This represents a
4.81% reduction in the RA from 0.921 to 0.877. Following this value, increasing
the ratio q1/R continues to reduce performance until a final value of 5× 10−3, the
RA continues increasing to the value, which almost matches the RA value for the
baseline case without ATS.
Figure 3.10 shows the effect of the q1/R ratio on the peak roll angle of both
the tractor and the trailer. For the semitrailer, similar to the relationship between
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Figure 3.9: Effect of q1/R ratio on the RA
the q1/R ratio and the RA, the sprung-mass has the lowest peak roll angle values
from 1× 10−3 to 2.5× 10−3. The semitrailer peak roll angle increases beyond this
region. The tractor, however, continues increasing its peak roll angle with the
q1/R ratio. Change in the semitrailer peak roll angle from the baseline case (1.114
degrees) to the case with the q1/R ratio of 2 × 10−3 (0.8831 degrees) is a 20.7%
reduction in peak roll angle. The tractor, however, has an increase in the peak roll
angle of 3.72% at the same q1/R ratio.
Figure 3.10: Effect of q1/R ratio on the peak roll angle of tractor and trailer.
The effect of the q1/R ratio on the tractor/trailer peak LTR value is shown
in Figure 3.11 . The peak LTR for both vehicle units is reduced and it continues
falling slowly until the q1/R ratio of 2 × 10−3. After which, the rate of change
decreases. The peak LTR for the tractor reduces from 0.2001 without ATS to
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Table 3.1: Percentage reduction from the baseline case to the ATS with the LQR
controller at the q1/R ratio of 2× 10−3
Percentage Difference (%)
q1/R Ratio Vehicle Unit RA Peak Roll LTR
2x10-3
Tractor -4.81 +3.72 -25.9
Semitrailer -4.81 -20.7 -33
0.1482 at the q1/R ratio of 2 × 10−3, representing a 25.9% reduction. For the
semitrailer, ATS reduces the LTR value from 0.1854 to 0.1243, a 33% decrease.
Figure 3.11: Effect of q1/R on the LTR.
It is demonstrated that the tractor/semitrailer with ATS improves the direc-
tional performance of the vehicle under the simulated lane-change maneuver. For
the baseline case the value of 2×10−3 (q1=0.05 and R=25) is chosen for providing
the highest performance improvement in the RA result. The comparison of the
performance measures in terms of the peak values of RA, tractor/semitrailer roll
angle, and LTR are shown in Table 3.1. Figure 3.12 displays the controller output
response for the chosen weighted combination.
25
Figure 3.12: Controller Output from chosen ATS controller configuration
3.8 Summary
The proposed LQR controller for the ATS of the tractor/semitrailer improves the
vehicle performance measures in terms of peak values of RA, roll angle, and LTR.
In order to represent the actuation strength of the ATS system, the q1/R ratio is
introduced, where in the cost function of the LQR controller design, q1 and R are
the weighting matrix for the state and control variables, respectively. Numerical
simulation demonstrates that the performance measures vary with the q1/R ratio.
Compared with the baseline tractor/semitrailer without ATS, once the vehicle
equipped with the ATS based on the LQR controller at the q1/R ratio of 2×10−3,






This chapter focuses on presenting the driving skill analysis for comparing drivers
in various operating conditions. Driver models are used to simulate the driving
response of human drivers in closed loop maneuvers. However, there is little re-
search which addresses the analysis or driver modeling of driver models controlling
tractor semitrailers. A commonly known driver model designed for passenger vehi-
cles is chosen to complete high speed closed loop single lane maneuver with three
different heavy vehicle configurations in order to compare the response. The three
types of heavy vehicles include a tractor only, tractor with a semitrailer and B-
train double. To assess the driving performance, two measures (i.e., path following
score (PFS) and combined stability scores (CSS)) are proposed. The PFS score is
based on the LPE of the tractor unit during the maneuver. The CSS is based on
the peak lateral acceleration and peak load transfer ratio of each available unit.
The results demonstrate how the driver model parameters (e.g., PT and TD) effect
path following and dynamic behaviors of various heavy vehicles. The driver ability
is shown in terms of a visualized spectrum, which highlight favorable and unfa-
vorable behavior of the driver model. MacAdams driver model is implemented in
TruckSim with the PT varying from 0.6 to 1.8 s with 0.1 second increments while
the TD begins at zero and is increased in 0.02 increments until the system provides
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unstable steering output.
4.2 Vehicle Testing Configurations
The vehicle configurations include a tractor only unit, tractor with a semitrailer
and a B-train double trailer MTAHV. This allows the vehicles configurations to
be compared while using the same drivers. This is expected to highlight issues
associated with controlling vehicles with heavy semitrailer.
Figure 4.1: Tractor Only Unit configuration
Figure 4.2: Tractor with Semitrailer configuration, features modified B-train semi-
trailer
Figure 4.3: B-train configuration
4.3 Vehicle Directional Performance Measures
Calculations used for finding the driver models skill is presented based on the
path following ability and overall stability of the vehicle. The resultant values can
then be compared based on the chosen vehicle configuration and the driver model
parameters: PT and TD.
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4.3.1 Lateral Position Error (LPE)
The Lateral Position Error (LPE) is selected as a measure for path-following per-
formance, which is defined as the shortest perpendicular distance from the desired
path,(Xv, Yv), to the center of axle 1 of the tractor, (Xf , Yf ). The calculation is
based on the equation for determining the perpendicular distance from a point to
a line. Equation 4.1 is shown below where d is the distance, Xf and Yf are the
coordinates of the point, and finally A, B and C are based on the equations of a
line Ax+By+C=0.
d =
Axo +Byo + C√
A2 +B2
(4.1)
The equation is rearranged to the y=mx+b format, providing m=-A/B. This
provides -A the rise and B the run of the line. Finally, the variable C can be
represented in terms of A,B, xo and yo ; then substituted in to the equation to
provide equation 4.2.
Figure 4.4 shows the definition of the LPE diagrammatically. During the vehi-
cle maneuver, the LPE is calculated at each time step using equation 4.2. Where
Xf (t) is the longitudinal location of axle 1 at the current time step and Yf (t) is the
lateral position. Xv(n) is the longitudinal location of the desired path coordinate
that is closest to the current axle 1 location. Xv(n+1) and Xv(n−1) are the next
and previous desired path coordinate used to determine the normal vector. The
lines slope is based on the points before and after while the location is based on
the current Xv and Yv.
LPE =
|a(Xf (t)−Xv(n)) + b(Yf (t)− Y v(n))|√
a2 + b2
(4.2)
where : b = Xv(n+1) −Xv(n−1), and a = −Y v(n+1) + Y v(n−1)
The score of peak LPE is evaluated in equation 4.3. The equation is inspirited
a Driver in the loop paper which compares the results of human to an autonomous
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Figure 4.4: Geometric illustration of a MTAHV, desired path and LPE.
driver [41]. Where the score is a found from the peak LPE value for every combi-
nation PT and TD, divided by the desired LPE (LPEd) and squared. This method
increases the score value in the case where the driver has a higher than normal
maximum LPE value. Which helps punish the drivers score when the value is high







Additionally, the average LPE score is calculated using equation 4.4, which
determines the average distance to path over the maneuver. Where te is the total
runtime, and LPE(PT,TD) is the LPE for a specified PT and TD combination. The
score (JmLPE) is found from the mLPE and the average mean LPE from all stable

















4.3.2 Load Transfer Ratio
Load transfer ratio (LTR), shown in equation 3.17, is an indicator for weight
distribution of the left of and right sides of each unit. LTR is calculated for each
axle, where the resultant LTR for a vehicle unit is the combined mean value of
each axle. The score JLTRi is calculated using equation 4.5, where LTRiPT,TD is
the load transfer ratio of the vehicle unit i, for a specified PT and TD driver model
combination. The desired LTR (LTRd) value is chosen to be a value of 0.2 for
all vehicle combination and all vehicle units. Therefore, the average value of each
unit is observed as a baseline for determining the ideal value. The value of 0.2 is
found to highlight less stable runs without lowering the remaining runs and thus








The score for lateral acceleration (Jayi) is determined using equation 4.6. Where
ay is the lateral acceleration for vehicle unit i based on driver model combination
PT and TD. As defined in ISO 14791[12], the average lateral acceleration value
must be within 10% of the desired value, as such the desired lateral acceleration








4.3.4 Resultant Performance Measures
The evaluation of driver performance will be calculated based on two main criteria:
1) path following score (PFS), and 2) combined stability score (CSS). The PFS
measure shown in equation 4.7 using equation 4.3 and 4.4. PFS is a measure
of the overall path following performance from the driver. The lowest measure
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represents the best performance. The CSS (shown in equation 4.8) is based on the
scores in equation 4.5 and 4.6. Where n is the number of vehicle units ranging
from 1 to 3. The result includes all scores for available units. In the case of
the tractor/semitrailer, the calculation only includes the variables for the 2 units.
Notice how the equations for PFS is the same for all vehicle combinations. This
means it will be measure used to find the drivers ability to control the vehicle, or
how difficult a specific vehicle configurations is to control for the driver. If drivers
provide poor scores with one vehicle by comparison, then the vehicle configuration
is more difficult to control, ie difficult to make the vehicle follow the path the











JLTRi + Jayi) (4.8)
4.4 Path Following Score
4.4.1 Validation
The path following score is based on the longitudinal and lateral position of axle
1 and its distance to the provided desired path. Figure 4.5 shows the trajectories
of axle 1 with three different PT and TL combinations.
In order to analysis the results of the proposed PFS calculation, three different
PT/TD combination were selected called A, B, and C. The first combination A
has a PT/TD of 0.6/0.06 which providing a score of 0.067, it is located towards
the bottom left of the plot in Figure 4.6. The second combination B has a PT/TD
of 1.2/0.14 and provided a weaker score of 0.5549. Finally, combination C has a
PT/TD of 1.7/0.01 s which provided the worst score of 2.648. As shown in Figure
4.5, the path following performance of the A combination is far better than the
others. Not only does it have a much lower LPE, the driver model combination
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Figure 4.5: Trajectories of the center of axle 1 based on 2 different driver PT/TD
combinations
maintains a closer distance to the desired path during the maneuver. Combination
B provides a good score, maintaining a close distance to the desired path and
providing a slightly higher peak LPE. The combination provides the worst run of
the three combination with less than ideal average LPE and a very high peak LPE.
4.4.2 PFS Results
The calculation results for PFS score of each vehicle configuration, the plot for TO
is shown in Figure 4.6. The figures are 3D surface plots rotated to show TD on the
x axis and PT on y axis. The boxes marked in dark grey represent values larger
than or equal to 2.5. They can be seen in the upper left and bottom right corners
of the figure. The boxes along the bottom right corner are runs displaying unstable
steering responses. Under the PFS calculation, lower scores are an indication of
better overall path following accuracy as a combination of the peak distance from
desired path and average distance to path. The resultant values range from 0.2
to 2.5 with varying colors to help identify edges and change in performance as a
combination of TD and PT. Comparing these results with MacAdams stability
boundary line [1], the unstable steering region is much larger in these results. The
inclined line separating the unstable and stable runs is much steeper in slope for
all vehicle combinations. However, overall trending of path tracking performance
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based on PT and TD is similar. Results of the TO show that the region near
the bottom left displays the best results with similarly good larger values along
the incline to top right corner. Moving towards the upper left, ie. increasing the
PT while decreasing TD, results in a poorer PFS. This trend is similar for all
vehicle combinations resulting in similar for ST in Figure 4.7 and BT in Figure
4.8. The provided figures indicate that the dark area associated with poor PFS
increases in size from figure to figure. Additionally, the orange region associated
with good scores is reduced, this can be viewed by observing the change in the
green region as it move towards the bottom right corner of the figures. With each
additional semitrailer the PFS regions become poorer, influenced by the vehicle
configurations.
Figure 4.6: Resultant PFS plot of TD and PT compared to MacAdams previous
work [1].
Table 4.1 compares the PFS of the three cases and illustrates the effect of
trailer(s). It was found that average PFS diminished by 20.3% when adding a single
semitrailer to a tractor unit. It was also found that STD of the results increased
as well. These results display that the addition of a semitrailer reduces the drivers
ability to properly follow the provided path. Since the driver model represent a
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Figure 4.7: Path following score for driver model using tractor semitrailer config-
uration
Figure 4.8: Path following score for driver model using B-train double configuration
sample of differently skilled drivers, the results indicate an increased difficulty in
controlling the vehicle with many of the drivers doing poorer as a result. The
addition of the second semitrailer increases the mean score by a smaller amount.
However, for a very simple SLC maneuver this is still indication of difficulty in
vehicle control. What is more interesting is reduced STD, which indicates that all
drivers did worse while also reducing the spread of the scores. If STD of the data
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is a possible indication of skill gap between driver ability, ie. better drivers do
much better than novice drivers. It demonstrates that BT is difficult for everyone
while a ST allows better drivers to separate themselves using their superior driving
instincts or experience. This is also true for the single unit TO as it displays even
better mean scores and STD. This could indicate that the TO vehicle is easier to
control for all drivers as compared with vehicle equipped with semitrailers.
Table 4.1: Mean, STD, mode comparison of PFS for tractor only, trac-
tor/semitrailer, and B-train double in SLC maneuver (Sample is based on runs
that did not have steering oscillation).
Vehicle Mean Mean increase STD STD increase Sample
Tractor 0.9828 - 0.7051 - 179
Tractor/semitrailer 1.2332 +20.3 % 0.9543 +27.3 % 209
B-Train 1.2852 +4.05 % 0.9119 -4.65 % 204
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4.5 Combined Stability Score
4.5.1 Validation
The CSS is related to the time histories of LTR and lateral acceleration. Figure
4.9 compares the lateral acceleration of each unit based on two different PT/TD
combinations. The first combination has a CSS of 0.1652 with a PT of 1.7s and
TD of 0.01s. The second combination has a worst score of 0.9446 with a PT of 0.6s
and TD of 0.06s. From the time history of each units lateral acceleration (Figure
4.9), the first has much lower lateral acceleration values for all units compared to
the second. Comparatively, the same two PT/TD combinations have completely
opposite results for the PFS results. This demonstrates the inherent trade-off with
path following ability and vehicle stability under a high speed SLC maneuver.
Figure 4.9: CG Lateral Acceleration for each unit based on 2 driver model PT/TD
combinations. U1: Tractor, U2: 1st Semitrailer, and U3: 2nd Semitrailer.
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4.5.2 CSS Results
The results for CSS can be found in Figure 4.10, the figures use colors to represent
the stability rating of each PT/TL run. Essentially, orange/yellow runs have very
low lateral acceleration and LTR values for each unit; blue is near desired values
for the vehicle; and pink/red is higher than desired. Dark grey signifies much
higher than desired.
Figure 4.10: CSS for Tractor only
Figure 4.11: CSS for Tractor only
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Figure 4.12: CSS for Tractor only
The TO has relatively weak scores with the most stable region being in the
upper left corner with highest PT and lowest TD. This trend is also true for all
other vehicle configurations. With the addition of a single semitrailer, the region
near the black blocks begins to display blue values, and the intensity and size of
the orange region is slightly reduced. The figure of the B-train results are very
similar to that of the tractor/semitrailer. The mean and STD value of all vehicle
configurations are shown in Table 4.2. Adding a single semitrailer causes a mean
increase of 36.1 %, a significant change in score. While the BT only caused a small
increase of 7.4 % and a very small STD increase of 0.73 %. It is expected that
both the mean and STD values would increase at a higher forward speed.
Table 4.2: Mean, STD, mode comparison of PFS for tractor only, trac-
tor/semitrailer, and B-train double in SLC maneuver (Sample is based on runs
that did not have steering oscillation).
Vehicle Mean Mean increase STD STD increase n
Tractor 0.3438 - 0.1555 - 179
Tractor/semitrailer 0.4680 +36.1 % 0.2307 +48.4 % 209
B-Train 0.5026 +7.4 % 0.2326 -0.73 % 204
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4.6 Steering Response of Virtual Driver
Parameters
The virtual driver model uses steering input to control the vehicle and follow the
desired path. The PFS and CSS were used to display the vehicle performance
based on the virtual driver parameters PT/TD. Prior to discussing the virtual
driver regions, steering response based on PT and TD will be presented. Figure
4.13 displays the steering response of various PT/TD combinations which can be
used to observe the peak steering input and timing of the virtual driver. Run A
was found to have a good PFS and a poor CSS, this combination provided high
peak steering angles, high steering velocity, and a very late steering input. Mean-
while, run C which has a poor PFS and good CSS provided low peak steering
angles, low steering velocity, and earlier steering input. This combination slowly
changes the vehicles position with smoother steering inputs as it is focusing on
the path further ahead. Conversely, run A rapidly changes the vehicles position
to accurately follow the desired path with a lower previewed path. Runs B and
D provide very similar steering inputs which is as expected since they have very
similar PFS and CSS results. However, they have very different PT and TD combi-
nations as run D has a very large TD and a larger PT. This comparison shows how
very different virtual driver combinations can provide similar performance results.
Since the steering input is very similar, the vehicles performance is also similar.
Comparing run D and C allows the comparison of increasing TD, this results in an
increase in the peak steering angles, steering velocity, and a later steering input.
To summarize, decreasing only PT and increasing only TD causes similar steering
response changes such as higher peak steering angles, higher steering velocity, and
later steering inputs. However, it has been shown that similar steering responses
and PFS/CSS results can be found for virtual driver combinations which differ in
both PT and TD.
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Figure 4.13: Steering Response of four virtual driver model PT/TD combinations
4.7 Discussion of Driver Model regions
The numerical simulation analysis of heavy vehicles was completed in order to
better identify regions of the driver model that is best suited for stability and path
tracking ability. It was demonstrated that the driver model parameters PT and
TD can heavily influence the resultant dynamic simulation for various MTAHVs.
Combining the results from the proposed PFS and CSS calculations, a figure with
three different regions and a heavy vehicle stability boundary line is proposed in
Figure 4.14. The numerical simulation sections included the comparison of three
different PT/TD combination noted as A, B, and C. These three combinations
became the basis for the regions presented in the figure noted for stability, path
tracking, and a region balanced between the two. The best stability region displays
low lateral acceleration values and low load transfer ratios. However, this region
has weak path tracking performance. The best path tracking region is the reverse
with high lateral acceleration and load transfer ratio values. However, this region
has very good path tracking performance. Finally, the balanced region has decent
stability and decent path tracking path tracking. The proposed regions can be
considered when completing a closed loop SLC maneuver using a driver model
based on the single point optimal preview control.
The directional stability line proposed by MacAdam in ref. [1] was developed
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Figure 4.14: Visual representation of the 3 proposed regions based on driver model
parameters PT and TD for MTAHV. Additionally compared a stability line for
heavy vehicles as compared with MacAdams directional stability line for passenger
vehicles presented by MacAdam 2003 [1]
from the simulations of human driver for passenger vehicles. The work in this thesis
proposed a stability line for MTAHV, which is shown in the figure. By comparison,
the line for MTAHV is much steeper which indicates that the vehicle combinations
are more difficult to control. MacAdams testing methodology was not identical to
the work presented in this paper as other maneuvers were considered in his work
while this thesis only completed a SLC. However this thesis proposed a scale of
various performance values for multiple vehicle configurations compared to a single
vehicle and a more binary scale of stability and path tracking performance.
4.8 Summary
The results from this chapter confirmed what was proposed by MacAdam in terms
of stable and unstable region of the PT/TD combinations. It was found that
increased PT and low TD results in lower path tracking ability, and decreased
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lateral accelerations. Conversely, lower PT will result in better path tracking,
however, the vehicle will produce increased lateral accelerations and load transfer
ratio. Comparing the various vehicle combinations also indicated the difficulty
of controlling the B-train as compared to a tractor semitrailer and tractor only
vehicles. The results also showed the small increase in lateral accelerations and
load transfer ratio associated with additional heavy semitrailers. The chapters
proposed the use of a stability line for heavy vehicles in addition to three different
skill regions, which include best stability, best path tracking and balanced regions.
These regions can be used to determine proper driver model combinations when
conducting a closed loop single lane change.
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Chapter 5
RA Analysis of DIL simulations
5.1 Introduction
The rearward amplification is used to define the dynamic lateral stability of these
vehicles and it is calculated from a closed loop single lane change, shown in equation
3.16. The test is performed by either a human or virtual driver following a defined
path at 88 km/h. This thesis compares the RA results from of a group of human
drivers in a DIL real time simulator to a virtual driver model using a B-train
double. The results are compared by observing the mean and STD of the RA
results of each semitrailer unit and the effect of the LPE. The results show that
both drivers provided similar results for the chosen maneuvers. This chapter helps
validate the use of the MacAdam driver model for B-train vehicles under a single
lane change for the RA results. Essentially, the driver model is similar to human
drivers by observing the RA results. Path following error was considered and found
to increase with RA for both value and STD.
5.2 Virtual Driver Numerical Simulation
This section contains the results of the RA analysis of the numerical simulation
from the virtual driver. The MacAdam driver model is utilized in the simulated
single lane-change (SLC) maneuvers with the same PT and TD parameters used
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in the previous chapter. The PT varies from 0.6 to 1.8 s in 0.1 increment; and the
TD starts at 0.01s and is increased until the steering input does not settle. Similar
to the previous chapter, the virtual driver can produce unstable steering response
from certain PT/TD combination.
5.2.1 RA results
The results of the RA analysis for the virtual driver based on the parameters TD
and PT can be found in Figure 5.1a and 5.1b for the 0.15 g run and Figure 5.2a
and 5.2b for 0.30g. The figures are surface plots with PT and TD along the x and y
axis and RA value as the z axis. From the driver model, increased PT with low TD
result in larger RA values on both maneuvers and each semitrailer. The average
RA of the first semitrailer is lower than the second semitrailer. Additionally, the
surfaces slope indicates a larger STD. The maximum RA is shown to be 1.265 with
a PT/TD combination of 1.8/0.01. This combination is typically associated with
more stable vehicle behavior from the increased preview time [1]. Additionally, PTs
around 0.6 seconds are typically associated with improved path following result in
decreased RA. The results are similar under the 0.30 g tests. The STD of both
semitrailers is much smaller, especially for RA2. The largest RA value is found
to be 1.086 at the PT/TD combination of 1.8/0.01. It appears that the results of
the B-train with a virtual driver have closer groupings under the 0.30 g tests. The
results here can be compared with the findings in the numerical simulator chapter.
Comparatively, the magnitude of the lateral acceleration for all units is larger for
this PT/TD region with lower RA values. A lower RA provides a better lateral
stability rating. However, each vehicle unit is closer to the static rollover threshold.
To summarize, stable PT/TD combinations of the virtual driver provide increased
RA with low lateral accelerations; and less stable combinations provide decreased
RA with high lateral acceleration. This result is associated to the B-train vehicle
and the frequency of the maneuver. Varying these parameters will influence the
figures and trends of the data. It is hypothesized that using a lower maneuver
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frequency would result in different trends for this vehicle. Completing similar
analysis on an A-train LCV with the same frequency should result in completely
reverse trends using a virtual driver.
(a) First semitrailers (b) Second semitrailer
Figure 5.1: B-train RA results for Driver Model parameters TD and PT based on
the 0.15g test
(a) First semitrailers (b) Second semitrailer
Figure 5.2: B-train RA results for Driver Model parameters TD and PT based on
the 0.30g test
The significance of the path following behavior for the closed loop SLC was
highlighted by Preston-Tomas and El-Gindy in ref. [24]. The virtual driver results
were sorted by the maximum path error using the LPE method. Plotting the
virtual drivers runs based on RA and the peak LPE can be found in Figure 5.3a
for 0.15 g and 5.3b for 0.30 g. The overall trend is RA increases with larger
LPE, additionally the STD of the values increases, matching results found by
Preston-Tomas and El-Gindy [24]. Observing the 0.15 g results, the RA2 results
suddenly increase around 0.027 m, these values are associated with the higher PT
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(a) Under 0.15 g test (b) Under 0.30 g test
Figure 5.3: Visual comparison of virtual drivers RA result under 0.30 g and 0.15
g for both semitrailers based on the peak LPE of each run.
combinations. It appears that the B-train has an unstable excitation with these
virtual driver combinations under this maneuver as it is not found in the 0.30 g
results.
The second semitrailer has increased RA for each peak LPE as compared to
the first semitrailer. There are few second semitrailer RA results which fall near
the first semitrailer. These larger LPE are associated with the more stable regions
of the driver model with larger preview times. These combinations provide less
steering with lower steering angular velocity which result in the increased path
following error displayed in the figure. Overall, stable PT/TD combinations of the
virtual driver provide increased RA and STD results from larger LPE.
The average RA for the 0.15 g run was found to be 0.982 and 1.064 for the
first and second semitrailer respectively. It was demonstrated that the second
semitrailer RA was consistently larger while sorting the runs by both LPE and
driver model PT/TD combinations. This trend follows into the 0.30 g maneuver
with slightly decreased average results where RA1 is 0.972 and RA2 is 1.040. The
results of each maneuver are very similar and the differences between RA1 to RA2
are almost identical.
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5.3 Human Driver-in-the-Loop Simulations
5.3.1 Vehicle Simulator Setup
The real-time driving simulator used to test the human drivers for this study
consists of multiple software, and hardware components. The Simulator is located
in the Multidisciplinary Vehicle System Design laboratory at University of Ontario
Institute of Technology (UOIT). The simulator was built and used for various forth
year capstone design projects focusing on ATS systems. The system is equipped
with an electric and hydraulic heavy steerable axle for running HIL. It has been
used to develop ATS systems using both human driver and HIL simulations by
Wang in 2015 [21]. The system was later used by Zhituo to design and test an
HIL ATS system for an A-train in 2016 [47].
The simulator, shown in Figure 5.4, consists of three computers 1) host com-
puter, 2) animator PC, and 3) real-time computer. The host computer holds
information on the current simulation parameters and includes the run files for
TruckSim and LabVIEW. The Animator PC is used to output the video of the
simulation to the three large LCD monitors running at 75 hz. Finally, the real-
time computer is responsible for running the mathematical calculations associated
with TruckSim and LabVIEW. Additionally, it interfaces with many human in-
put devices through the peripheral component connect (PCI) slot relayed through
a national instruments data acquisition board (DAQ). The simulator features an
adjustable drivers seat, steering wheel with force feedback, sequential shifter, H
style shifter, and 3-foot pedals. However, only the steering wheel was used by the
driver while the other devices remained untouched. The simulation begins with
the transmission set in automatic and it maintains the desired speed using a built
in TruckSim speed controller. For software components, Trucksim is utilized to
model the articulated heavy vehicles. It is able to output simulation information
(ie. steering torque, engine rpm, etc.) to LabVIEW during the simulation. Addi-
tionally, LabVIEW returns real time data to TruckSim about any of the human
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input devices to be included in the simulation.
Figure 5.4: DIL real time testing platform schematic
5.3.2 Human Driver information and testing procedure
The human drivers are required to complete the same single lane change as the
virtual driver model. They are provided the course with a lane way of orange
cones 2.4 meters in width, only slightly larger than the width of the vehicle. Each
participant was granted a few minutes with the B-train on a curvy road course
to familiarize themselves with the simulator platform and vehicle. A total of 22
drivers were tested with the data blocked by age, sex, years of experience, and
average driving frequency per week shown in Table 5.1. Many of the individuals
were male with only 6 total females completing the tests. The average age was
24.5 years (STD = 4.2) as many of the individuals were graduate students and
forth year undergraduate students. These sample individuals ranged from little to
no experience driving passenger vehicles to a driver with some large truck experi-
ence. This provided an average experience of 6.3 years (STD=2.6). The inclusion
of driving frequency is not usually noted in these studies and can indicate the
total amount time spent in driving. Participants ranged from very little driving
frequency ie, once every 2 weeks to every day commuters with no direct correlation
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Table 5.1: Compilation of human individuals which completed the driver-in-the-
loop testing on the simulator. Frequency is number of times driven per week
ID sex age exp frequency Additional Notes
1 male 22 6 6
2 male 26 10 2
3 female 25 10 2
4 male 24 5 1 little driving in last few months
5 male 27 10 3 very little in last 10 months, freq at home
6 male 22 6 7 heavy truck exp with gravel truck
7 male 22 6 7 broken ankle, not driven much lately
8 female 25 1 4
9 male 37 3 7 3 years in China, no driving here
10 male 22 8 7
11 male 24 5 2
12 male 23 7 7 drove school bus
13 male 22 6 3
14 male 22 4 3 driven single unit uhaul truck
15 male 27 7 0.5
16 male 26 10 7 daily commute
17 male 34 10 7
18 female 23 5 7 daily commute
19 male 22 6 2
20 female 26 7 0.5 once a month
21 female 20 4 4 has G1 drivers license
22 female 19 3 2 has G1 drivers license
to driving experience. The average driving frequency was found to be 4.1 times
per week with a STD of 2.5. Ultimately, none of the information was found to
affect the final results.
5.3.3 Driver-in-the-loop RA results
A histogram for RA with all attempts completed by the human driver for 0.15g can
be found in Figure 5.5 below. The first semitrailer provide a normal distribution
while the second semitrailer provides a bimodal distribution. The two peaks for the
RA2 values are 0.925 to 0.95 and 0.975-1.0. This bimodal distribution only occurs
for RA2 with the 0.15g run and the distribution returns to a normal distribution
for the 0.30g test. Additionally, a bimodal distribution for RA was not found for
runs completed by the virtual driver in the numerical simulation. This result could
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indicate some uncertainty in the calculation for determining the RA of the vehicle
but it is most likely associated with the path following skills of the human driver.
As a result of sorting data by LPE, a normal distribution is found. This further
emphasizes how the LPE of the driver can influence the RA.
Figure 5.5: RA results for human driver under 0.15g maneuver
The LPE can be used as an additionally blocking method for observing the RA
result, the results for the human driver for the 0.15g run are found in Figure 5.6a.
The figure visually displays the RA values for each semitrailer based on the peak
LPE found for each driver attempt. It should be noted that the mode of pLPE
was found to be 0.40 m, with the second most being 0.2 m. Comparatively, the
peak LPE is much higher than the virtual drivers results which ranged from zero
to 0.03 m. Similar results are found for the 0.30g test, shown in Figure 5.6b, with
an average increase in the peak LPE value. The mode was increased to 0.60 m,
with 0.80 m in second. There were very few results in the 1.2 and 1.4 m category.
As expected, the drivers had more difficulty keeping the vehicle close to the desired
path during the 0.30 g test. Increased LPE is shown to increase the the mean and
STD of the RA value increase similar to the virtual driver. This can be found
in both test courses with large upper and lower bound differences. The average
results increase until an approximate peak around 0.6 m for 0.15g and 0.80 m for
the 0.30g, both being significant LPE. Following these peak values, the RA values
and STD decrease from fewer drivers completing the run with this result. As
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compared to the virtual driver, the human drivers have significantly larger STD
values for each LPE. As Preston-Tomas discussed, a significant range in vehicle
path can provide an RA result with more error [24]. ISO 14791 specifies a LPE
tolerance of 0.15 m which none of the human drivers could achieve for 0.15 g test
using the B-train vehicle. Only a single run was completed with a LPE equal to
or less than 0.2 m, which provided a RA1 of 0.9270 and RA2 of 0.9278. In the 0.4
m range the average was 0.962 for RA1 and 0.950 for RA2. On each LPE bound,
the RA of the first semitrailer is larger than the second semitrailer. This does not
match the results found by the virtual driver in the numerical simulation section.
(a) Under 0.15 g test (b) Under 0.30 g test
Figure 5.6: Visual comparison of virtual drivers RA result under 0.30 g and 0.15
g for both semitrailers based on the peak LPE of each run.
Using the DIL real time simulator, the human drivers provided an average RA
of 0.953 for the first semitrailer and RA of 0.943 for the second semitrailer under
the 0.15g test. The difference between each maneuver was very small with a slight
increase for the 0.30 g test with an RA1 of 0.977 and RA2 of 0.970. Compared
to the virtual driver, the 0.30 g test increased RA for the human drivers while
decreasing for the virtual driver.
5.4 Comparing Human and Driver
The mean and STD values for the human and virtual driver are found in Table
5.2. For only the human drivers, the average RA2 is lower than RA1. This trend
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Table 5.2: Display mean and STD of RA results for both 0.15g and 0.30g
RA1 RA2 RA1 RA2 RA1 RA2
0.15g Human 0.15g Model % Difference 0.15g
Average 0.953 0.943 0.982 1.064 3.0 12.8
STD 0.053 0.061 0.032 0.063 40.6 3.1
0.30g Human 0.30g Model % Difference 0.30g
Average 0.977 0.970 0.972 1.040 0.53 7.2
STD 0.027 0.038 0.028 0.039 3.0 3.2
is similar to finding by Wang using an open loop and closed loop SLC with a
driver model in ref. [22]. However, numerical simulation shows that the virtual
driver produced RA2 values larger than RA1 while sorting by both driver model
configuration and LPE. The difference in result is likely associated with the small
difference in vehicle configuration and payload. Ultimately, the RA2 vs RA1 trend
is repeated with the 0.30 g test for both drivers.
Comparing the human and virtual drivers, the human results are slightly lower
when compared to the driver results of the same vehicle unit, indicated by the
percentage difference columns. Many of the average differences are less than 10%
with only a value of 40.6% for the STD of RA1 under a 0.15g test. The difference
being dramatically reduced to 3% for the 0.30g test maneuver. The similarity of
the STD, especially for the 0.30g test, show how close the results and distribution
are for the human and virtual driver. However, since the RA is an indication
of the dynamics stability of heavy vehicles, the virtual driver produces slightly
worse stability ratings compared to humans. The 0.15g results for RA are slightly
lower com-pared to the 0.30g tests for the human drivers while the opposite is true
for the virtual driver. The human driver and driver model RA results are very
similar for the 0.30 g maneuver. Overall, the expectation that the RA results from
human driver are similar to the driver model is mostly true. However, the trends
associated with the semitrailer RA and test maneuver vary slightly.
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5.5 Summary
This chapter provided an in-depth RA analysis of a virtual driver as compared
to a human driver in a closed loop single lane change. Results reveal that the
human drivers provided slightly lower results when observing the first and second
semitrailer units while the virtual driver provided higher values. Ultimately, results
from both the 0.15g and 0.30g produced similar results with the virtual drivers
providing slightly poorer stability ratings. Identified stable combination of PT/TD
produced higher RA results while less stable regions provided lower RA values. The
chapter also reveals that the path following error increases both the resultant RA
and STD from both human and virtual driver model. This emphasizes the overall
trends of the RA when using a B-train and reconsiders the influence of the driver




This thesis presented an in-depth look at the interaction of MTAHV and either a
virtual driver model or human drivers based on stability ratings and path following
control. The conclusion of this work is listed as follows. The LQR ATS controller
was implemented using a unique 5 DOF yaw/roll model. The controller improved
vehicle stability by reducing the peak values of RA, roll angle, and LTR. The
performance measures of the semitrailer were improved by 4.81%, 20.7%, and 33%,
respectively. Under the virtual driver numerical simulation, the results confirmed
what was proposed by MacAdam for stable and unstable region of the PT/TD.
Increased PT and low TD result in poorer path tracking ability and decreased
lateral accelerations. Conversely, lower PT will result in better path tracking.
However, the vehicle will have increased lateral accelerations and LTR. This study
also highlights the difficulty of controlling the B-train as compared to a tractor
semitrailer and tractor only vehicles. There is also a small increase in lateral
accelerations and load transfer ratio associated with additional heavy semitrailers.
This thesis proposed the use of a stability line for heavy vehicles in addition to
three different skill regions. The regions include best stability, best path tracking
and a balanced region. These regions can be used to determine proper driver
model combinations when conducting a closed loop single lane change. Under the
DIL simulations, the RA of a virtual driver is compared to a human driver in a
closed loop single lane change. The human driver provided significantly lager peak
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LPE compared to the virtual driver. This demonstrated not only the accuracy of
the virtual driver but the difficulty of the human driver when utilizing a driving
simulator for a path following task. Increased LPE increases both the resultant
RA and STD for both the human and virtual driver model. This study emphasizes
the overall trends of the RA when using a B-train and reconsiders the influence of
the driver while completing closed loop testing. The RA results revealed that the
human drivers provided lower results for the first and second semitrailer units while
the virtual driver was higher. Ultimately, results from both the 0.15g and 0.30g
tests produced similar results with the virtual drivers providing slightly poorer
stability ratings. This demonstrated the validity of observing the RA results using
a driver model with a B-train in a closed loop single lane change. It was also found
that stable combination of PT/TD produced higher RA results while less stable
regions provided lower RA values. This was because the stable regions provided
larger LPEs which were also found to produce larger RA results.
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Table 6.1: 5 DOF model variable info, i being unit number (1,2), j being rear axle
number (1-2:Cabin, 1-3:Semitrailer)
Symbol Description Tractor Semitrailer Units
mi Total mass of unit 8450 17,997 kg
mis Mass of sprung unit body 6500 15,927 kg
a1 Distance from front axle to
unit CG
1.384 NA m








Lci Distance from unit CG to
hitch point
3.9445 6.7681 m
Iizz Yaw moment of inertia for
unit
19,665 439,992 kg ∗m2
Iixx Roll moment of inertia for
unit
6879 30,585 kg ∗m2
Iixz yaw/roll product of inertia 130 0 kg ∗m2
Iixx Adjusted roll moment at
roll center
8,260.4 34,519 kg ∗m2
Iixz Adjusted yaw/roll product
at roll center
1.7015 50542 kg ∗m2
his vertical distance to spring
mass CG
1.019 1.220 m
hir vertical distance to roll cen-
ter of sprung mass
0.558 0.723 m
hic vertical distance to hitch
point
1.1 1.1 m
hicr vertical distance from roll
center to hitch
0.5420 0.3770 m
Tif/r tire cornering stiffness - 435,450(f),
-372,420(r)
-332,320 N/rad









40,000 N m s/rad
K12 Roll stiffness of articulation
point
114,000 N m/rad







Table 6.2: Vehicle Information on tractor/semitrailer units used in TruckSim ve-
hicle simulation. *Semitrailer payload
Description Tractor Semitrailer Unit
Total mass of unit 8,450 17,997 kg
Sprung mass of unit body 6,500 5,927+10,000* kg
Longitudinal distance from front
axle to unit CG
1.384 NA m
Longitudinal distance from rear
axles to unit CG
3.616 & 4.886 3.845, 5.115, & 6.385 m
Longitudinal distance from unit
CG to hitch point
4.251 6.385 m
Vertical distance from ground to
sprung mass CG
1.019 1.220 m
Vertical distance from ground to
fifth wheel
1.1 1.1 m
Width of wheel base center to
center
1.98(f), 1.65(r) 1.65 m
Steering Wheel ratio 25 NA
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